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Localising livestock protein feed production and the impact
on land use and greenhouse gas emissions
Y. Sasu-Boakye†, C. Cederberg and S. Wirsenius
Department of Energy and Environment, Chalmers University of Technology, Gothenburg SE-412 96, Sweden
(Received 6 March 2014; Accepted 5 May 2014)
Livestock farmers in Sweden usually grow feed grains for livestock but import protein feed from outside Sweden. Aside from the
economic implications, some environmental issues are associated with this practice. We used life cycle assessment to evaluate the
impact of local protein feed production on land use and greenhouse gas emissions, compared with the use of imported protein
feed, for pig meat and dairy milk produced in Sweden. Our results showed that local production reduced greenhouse gas emissions
by 4.5% and 12%, respectively, for pigs and dairy cows. Land use for feed production in Sweden increased by 11% for pigs and
25% for dairy cows, but total land use decreased for pig production and increased for dairy milk production. Increased protein
feed cultivation in Sweden decreased inputs needed for animal production and improved some ecological processes (e.g. nutrient
recycling) of the farm systems. However, the differences in results between scenarios are relatively small and inﬂuenced to an
extent by methodological choices such as co-product allocation. Moreover, it was difﬁcult to assess the contribution of greenhouse
emissions from land use change. The available accounting methods we applied did not adequately account for the potential land
use changes and in some cases provided conﬂicting results. We conclude that local protein feed production presents an opportunity
to reduce greenhouse gas emissions but at a cost of increasing land occupation in Sweden for feed production.
Keywords: greenhouse gases, livestock feeding, soya beans, land use, protein feeds
Implications
Producing protein feeds locally in Sweden instead of
importing them would decrease life cycle greenhouse gas
emissions from pig meat and milk produced in Sweden. The
protein crops would increase the diversity of existing cereal-
based crop rotations, reduce resource use and improve the
sustainability of livestock systems in Sweden. However, these
beneﬁts would increase the land occupied for feed production in
Sweden and induce other land use changes globally. The extent
of land use change would inﬂuence the emission reductions
achieved from the local production of protein feed.
Introduction
World livestock production accounts for around 14.5% of
global anthropogenic greenhouse gas (GHG) emissions
(Gerber et al., 2013a). Even though feed production is the
major source of emissions from livestock, emissions from
livestock enteric fermentation and manure are also inﬂu-
enced by the composition of livestock diets (Canh et al.,
1998; Beauchemin et al., 2008). Included in feed production
is the expansion of agricultural land into natural areas, which
accounts for 9% of livestock’s emissions (Barona et al., 2010;
Gerber et al., 2013a). Thus, the type of feed used for livestock
and where it is produced are important factors inﬂuencing
livestock’s GHG emissions.
In Sweden, it is common for farmers to produce feed grain
for livestock while importing protein feedstuff from other
regions. Recent developments in biofuels from oilseeds have
increased the availability of oilseed meals (e.g. rapeseed
meal) on the feed market. However, soya meal produced
from soya beans remains the preferred high-quality protein
feedstuff in livestock diets. Sweden imports soya beans
mainly from South America (FAOSTAT, 2014), where its
production has in several studies been linked to deforesta-
tion and associated GHG emissions (Barona et al., 2010). The
connection to deforestation has been a major reason behind
an increased effort to replace imported soya meal with
locally available protein crops (Hortenhuber et al., 2011;
Meul et al., 2012).
A matter yet to receive much attention is the disconnect
between soya bean production and feed production in Sweden
and its impact on the ecology and sustainability of Swedish
livestock farms. Several ecological functions (e.g. nutrient† E-mail: yaws@chalmers.se
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recycling, pest and disease control) are closely linked with
the species diversity achieved from integrating protein crops
with grains, forage and animal productions (Fageria and
Baligar, 2005; Nemecek et al., 2008; Dumont et al., 2013).
Several protein crops grown in Sweden (e.g. peas, clover and
rapeseed) can be integrated into existing feed production
systems and can replace soya meal in livestock diets while
maintaining livestock productivity (Emanuelson et al., 2006).
Protein crops incorporated into specialised grain crop rota-
tions can reduce nitrogen (N) fertilisation, decrease pest and
weed populations, and increase grain yields (Kirkegaard
et al., 2008; Nemecek et al., 2008). Therefore, local protein
crop production has the potential to inﬂuence GHG emissions
and land use of livestock production.
Analysing the environmental impacts of protein feed
substitutions is not new (Lehuger et al., 2009; Hortenhuber
et al., 2011; Mogensen et al., 2012). However, in our paper
we extend the analysis to cover not only feed production but
also the impact of protein feed substitution on emissions
from animal production. The few studies that considered
GHG emissions from animal production, for example Eriksson
et al. (2005), overlooked the impacts of some important
interactions which we consider, such as the impact of local
protein production on crop yields and the impact of double-
cropping on land use.
The aim of this paper, therefore, was to assess the impact
of localising protein feed production on the GHG emissions
and land use of pig and dairy cow production in Sweden.
We focused on life cycle GHG emissions (feed and animal
production) and emissions from changes in land use.
Material and methods
We used life cycle assessment (LCA) method (ISO, 2006) to
compare life cycle GHG emissions and land use associated
with feeding scenarios for pigs and dairy cows. Emissions of
GHG from land use change (LUC) were assessed using three
recently published methods (Audsley et al., 2009; BSI, 2012;
Gerber et al., 2013a). We analysed the sensitivity of our
results to several important assumptions used in our study.
Scope
To analyse the impact of localising protein feed production
for pigs and dairy cows in Sweden, we compared GHG
emissions and land use of two feeding scenarios: an ‘import
scenario’ and a ‘local scenario’. Here, a feeding scenario
refers to a mixed arable-livestock farm system with a speci-
ﬁed livestock diet. The import scenario represents typical
feeding systems in Sweden that use high-quality imported
protein feed (mainly soya meal). The local scenario is an
alternative feeding system that uses protein feedstuff grown
in Sweden instead of imported protein feed. We assumed
that soya meal is imported from Centre West Brazil.
Life cycle GHG emissions comprised emissions from the
production of farm inputs for feed crops, production and
transport of feed, animals’ emissions from digestion and
manure emissions on the ﬁeld and in storage. We excluded
the rearing of replacement animals since heifer's feed
ration includes only minor amounts of protein concentrates
(Henriksson et al., 2014). Emissions from minor inputs, for
example medicine, were not included. GHG emissions were
aggregated into CO2-equivalents (CO2-eq) using 100-year global
warming potential of 1 for CO2, 25 for methane (CH4) and 298
for nitrous oxide (N2O) (IPCC, 2007). The functional unit was the
production of 1 kg carcass weight (CW) in the pig production
system and 1 kg of energy corrected milk (ECM) in the dairy
system. Land use was calculated as the agricultural area needed
to produce feed for 1 kg CW and 1 kg ECM annually.
Table 1 shows the allocation factors used to partition GHG
emissions and land use among feed co-products of a parti-
cular process. Economic allocation is our reference allocation
method. Further discussion on allocation methods is pre-
sented in the sensitivity analysis.
Farm characteristics and data
The pig farms for the import and local scenarios are models
of typical pig farms in south-eastern Sweden. Its dry climate
and clayey soils favour cereal production for pigs. A farm in
each scenario has 300 sows that produce 25 piglets/sow
yearly with 1% mortality. The pigs are fattened to a live
weight of 105 kg/pig (76.6 kg CW) over a 16.6-week period.
The dairy farms for the import and local scenarios are models
of typical dairy farms located in south-western Sweden.
Humid weather conditions in this region favour forage crop
production. The 100 cows on each farm produce 9000 kg
ECM/cow annually. Data for feed resources on the pig and
Table 1 Economic and mass allocation factors for co-products used in
the two feeding scenarios for pig and dairy cow production in Sweden
Allocation factors
Allocated products Economic1,2 Mass2
Soya bean
Soya meal 0.63 0.80
Soya oil 0.37 0.20
Rapeseed
Rapeseed meal 0.28 0.56
Rapeseed oil 0.72 0.44
Wheat
Wheat bran 0.04 0.17
Wheat ﬂour 0.96 0.83
Sugar beet
Sugar beet pulp 0.15 0.25
Sugar 0.85 0.75
Land use allocation3
Soya bean 0.79 0.68
Maize 0.21 0.32
1Economic allocation is the default method, mass allocation is used in the
sensitivity analysis.
2Flysjö et al. (2012).
3Land is allocated between soya bean and maize, which are double-cropped in
the Centre West region of Brazil. Allocation is based on production data and
supply prices (averaged for 2004–2009), taken from IBGE (2014).
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dairy farms were taken from a Swedish feed database (Flysjö
et al., 2008) that includes transportation distances for farm
inputs, purchased feed and background assumptions applicable
to feed resources. Background assumptions include emissions
from fertiliser manufacturing, emissions from transport and data
for purchased concentrate feed.
Pig production. Table 2 shows the diets used for pigs in both
scenarios. Feed intake is 3.64 kg dm feed/kg CW for the
import and local scenarios (Cederberg and Flysjö, 2004). The
diet in the import scenario is composed of grains grown at
the farm and imported soya meal. The crops are produced
in a 5-year crop rotation of oats/rapeseed, winter wheat,
barley, winter wheat, and triticale. Rapeseed is included in
the ﬁrst year to serve as an alternative in the otherwise
cereal-based rotation. This rapeseed is sold to the market.
The diet for the local scenario consists of grains, and the
main protein part of rapeseed and peas, all grown at the
farm. Rapeseed and peas are included in the crop rotation,
resulting in a 7-year rotation: winter rape, winter wheat,
barley, peas, winter wheat, oats and barley. Table 3 sum-
marises the data for crop production taken from Flysjö et al.
(2008) and Cederberg and Flysjö (2004). The effect of crop
rotations on crop yields were based on ﬁeld trials (Cederberg
and Flysjö, 2004; Engström, 2010). Data on production of
synthetic amino acids included in the pig diet were taken
from Mosnier et al. (2011).
The pigs produced 690 and 870 kg fresh manure/pig per
year, respectively, in the import and local scenarios. We
calculated the amount of manure produced by assuming
87% volatile solids/kg dm manure and 8.8% dm content of
manure (Dustan, 2002). The higher manure output of the
local scenario is due to a large share of low digestible feeds
(oats, rapeseed meal and wheat bran) in the diet (Table 2). N
excreted in manure was 4.8 and 4.6 kg N/pig per year,
respectively, for the import and local scenarios. N excreted is
calculated as the difference between N in feed intake and N
in carcass output. The higher N excretion of the import
scenario is due to high N in feed intake from the large share
of soya meal. Manure is stored for 10 months in well covered
slurry tanks and spread on the farms (75% in spring, 25% in
autumn) based on good agricultural practices and fertiliser
guidelines (SBA, 2012).
Milk production. The diets were taken from Liljeholm et al.
(2009) (Table 2). Feed intake was 0.72 and 0.69 kg dm
feed/kg ECM for the import and local scenarios, respectively.
The molasses is a by-product from sugar milling in southern
Sweden. For the local scenario, the diet is designed to avoid
feed from outside Sweden and includes grass/clover silage
(25% clover). We assumed that rapeseed and peas are from
neighbouring farms. In both scenarios, grains (barley and
oats) are grown on one-third of the farm area. Any grain
deﬁcit is met by importing from neighbouring farms, where
they are grown without input of manure. Table 4 summarises
the data for crop production taken from Flysjö et al. (2008)
and Liljeholm et al. (2009).
Manure output was estimated at 2100 and 1900 kg dry
matter/cow per year, respectively, for the import and local
scenarios, assuming 87% volatile solids/kg dm manure and
9.8% dm content of manure (Dustan, 2002). The cows graze
for 2.5 months each year and excrete about 15% of the total
manure on pasture. Manure is stored for 8 months as slurry
with ﬂoating crust and spread on the farm (70% in late
autumn, 30% in spring) at a rate of up to 170 kg N/ha.
Mineral N fertilisers are used to ﬁll the gap between the N
input from manure and the N application rates recommended
by SBA (2012). N excreted in manure is calculated as was
done in pig production and amounts to 113 and 125 kg N/cow
per year, respectively, for the import and local scenarios
(Liljeholm et al., 2009).
Life cycle GHG emission
Table 5 shows the relevant emission factors and methods
employed to estimate life cycle GHG emissions. CH4 emis-
sions from enteric fermentation and manure management
Table 2 Diet composition and characteristics of the two feeding
scenarios (local and import) for pig (top panel) and dairy cow milk
(bottom panel) production
Diet composition Import Local
Pig production (ME; CP)
Feed ingredients (% of DM)
Oats (12 MJ; 11%) 7.7 11.7
Wheat (15 MJ; 12%) 36.5 24.7
Barley (14 MJ; 12%) 18.1 30.5
Triticale (15 MJ; 11%) 19.7 0
Peas (15 MJ; 24%) 0 11.6
Rapeseed meal (12 MJ; 38%) 0 5.1
Synthetic amino acids (23 MJ; 59%) 0.2 0.3
Wheat bran (10 MJ; 17%) 2.7 12
Soya meal1 (15 MJ; 52%) 11.5 1.1
Others2 (2 MJ; 4%) 3.5 3.0
ME content (MJ/kg DM feed) 14.3 13.4
CP content (g/kg DM feed) 163 154
Feed digestibility (%) 80 76
Milk production (ME; CP)
Feed ingredients (% of DM)
Grass silage (11 MJ; 14%) 52.1 0
Clover-grass silage (11 MJ; 17%) 0.0 47.9
Pressed sugar beet pulp (12 MJ; 9%) 0.0 7.8
Cereal (13 MJ; 12%) 25.1 20.5
Dried sugar beet pulp pellets (13 MJ; 11%) 4.3 0
Rapeseed meal (14 MJ; 35%) 0 9.7
Peas (14 MJ; 24%) 0 14.1
Concentrate (14 MJ; 29%)3 18.5 0
ME content (MJ/kg DM feed) 11.7 11.9
CP content (g/kg DM feed) 162 179
Feed digestibility (%) 67 69
ME = metabolisable energy; DM = dry matter.
1Small amount of soya meal is used in the local scenario during the early
fattening phase of the pigs.
2Mainly straw and some minerals (mono-calcium phosphate).
3Consists (by mass) of rapeseed meal (36%), soya meal (20%), sugar beet pulp
(18%), palm kernel meal (7%) and small shares of other feed products.
Impact of feed origin on livestock GHG emissions
1341
Table 3 Input parameters for the cultivation, drying and processing of crops used in two feeding scenarios for pig production in Sweden
Import scenario Local scenario Both1
Feed production Oats Rapeseed Wheat Barl Wheat2 Triticale Rapeseed Wht Barley Peas Wheat2 Oats Barley2 Soya beans
Cultivation
Yield (t DM/ha) 4.7 2.8 6.0 4.7 5.2 5.2 2.8 6.0 4.8 3.4 6.0 4.7 5.0 2.4
Mineral fertiliser (kg N/ha) 44 75 66 108 91 140 34 120 31 0 46 98 113 7.0
kg P/ha 0 2.7 0 0 0 0 2.7 20 20 2.7 20 20 20 29
kg K/ha 0 0 0 0 0 0 0 0 0 0 0 0 0 51
Manure (kg N/ha) 54 57 54 0 54 0 98 0 79 0 79 0 0 0
Crop residue (kg N/ha) 58 45 53 56 62 62 45 48 59 67 71 58 60 37
Diesel, farm use (l/ha) 82 82 82 73 100 73 87 71 76 85 82 73 73 78
Diesel, maintenance (l/ha) 8.2 8.2 8.2 7.3 10 7.3 8.7 7.1 7.6 8.5 8.2 7.3 7.3 7.8
Pesticide input (kg active ingredients/ha) 0.9 0.5 0.5 0.8 0.5 0.4 0.5 0.4 0.7 1.0 0.4 0.9 0.8 5.8
Drying and processing
Drying, light oil (GJ/ha) 1.2 0.3 2.3 1.2 1.3 1.3 0.3 2.3 1.2 1.3 2.3 1.2 1.3 0.3
Drying, electricity (GJ/ha) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4
Processing, feed (GJ/ha) 0.6 2.8 0.8 0.6 0.6 0.6 2.8 0.8 0.6 0.4 0.8 0.6 0.6 2.5
DM = dry matter.
1Both = both local and import feeding scenarios.
2Last occurrence of a particular crop cultivated more than once in a crop rotation.
Table 4 Input parameters for the cultivation, drying and processing of crops used in two feeding scenarios for dairy cow milk production in Sweden
Import scenario Local scenario Both1
Feed production Grass sugar beet Barley Clover-grass silage Sugar beet Barley Peas Soya bean Oats Rapeseed
Cultivation
Yield (t dm/ha) 7.0 11 3.6 7.0 11 3.6 3.3 2.4 3.4 2.5
Mineral fertiliser (kg N/ha) 49 106 63 0 106 2.6 0.0 7.0 80 140
kg P/ha 0 16 7 0 16 7.0 6.0 39 7 7
kg K/ha 0 44 13 0 44 13 8 68 11 16
Manure, ﬁeld applied (kg N/ha) 142 0 14 135 0 116 0 0 0 0
Manure, grazing (kg N/ha) 28 0 0 35 0 0 0 0 0 0
Crop residue (kg N/ha) 59 54 45 67 54 45 54 37 44 42
Diesel, farm use (l/ha) 45 254 85 45 254 85 85 78 85 101
Pesticide input (kg active ingredients/ha) 0.5 2.7 0.5 0.5 2.7 0.5 0.9 5.8 0.3 1.1
Drying and processing
Drying (GJ/ha) 0.03 0 0.8 0.03 0 0.8 1.3 0.7 1.3 0.6
Processing, feed (GJ/ha) 2.5 16 0.3 2.5 0.02 0.3 0.2 2.5 0.3 2.8
DM = dry matter.
1Both = both local and import feeding scenarios.
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were calculated following relevant IPCC (2006) methods and
tier I and tier II emission factors. Further discussion on the
impact of different models for estimating enteric CH4 emis-
sion is presented in the sensitivity analysis. Emissions of NH3,
N2O and leached nitrates were based on N excreted and
applied on the ﬁeld in the form of manure, synthetic fertili-
sers and crop residues. N in crop residues was taken from
IPCC (2006). Emission factors for NH3 emissions were taken
from Karlsson and Rodhe (2002). Other N emissions were
based on IPCC (2006) emission factors at time of deposition,
storage and application (Table 5). In the sensitivity analysis,
we assess the impact of different emission factors on soil N2O
emissions. Emissions from transporting farm inputs and
feedstuff were calculated by multiplying transport distances
and emission factors of the respective transport mode (Flysjö
et al., 2008). We assumed a distance of 10 km to neigh-
bouring farms. GHG emissions from energy production were
taken from the Ecoinvent (2007) database.
Land use
Land occupied was calculated as the product of crop yield
and the feed required for pig or milk production while
applying the allocation factors (Table 1). About 35% of soya
bean land is cultivated with maize as a second crop in Centre
West Brazil (IBGE, 2014). We handle this double cropping by
allocating land use between soya bean and maize (Table 1).
LUC emissions
LUC is a key source of GHG emissions from agriculture
(Gerber et al., 2013a); however, to date, there is no stan-
dardised approach in LCA to quantify LUC and translate it
into GHG emissions. In this paper, we applied three alter-
native methods used to determine GHG emissions from LUC.
First, we estimated LUC emissions following the method of
Gerber et al. (2013a), which assumes that new soya bean
crop area in Brazil is gained at the expense of forest land.
LUC emission from soya bean expansion was calculated as
the accumulated emissions for 1 year resulting from the total
area deforested during the period 1991 to 2011 divided by
the total soya bean production in 2011. We used FAOSTAT
data to determine mean annual LUC rates for soya bean
production, about 0.62 Mha/year, for the period 1991 to
2011. Forest conversion to annual cropland releases a mean
of 37 t CO2-eq/ha during the 20 years (Gerber et al., 2013a).
Based on these data, LUC emission was 6.2 kg CO2-eq/kg
soya bean. We used 3.8 kg CO2-eq/kg of soya meal in this
study after applying the allocation factors (including double-
crop allocation) in Table 1.
With the second method, from BSI (2012), crop expansion
in a given country is assumed to be at the expense of four
land use types: forest, pasture, annual and perennial crops.
Using FAOSTAT data, crop expansion 20 years before 2011
and the shares of LUC for the four land use types were
determined. LUC emissions were calculated assuming that
the new cropland is gained from other land types, either in
equal proportion or in proportion to their relative rates of
LUC change. We selected the higher of the two estimates as
the LUC emission factor. Using the BSI (2012) calculation
tool, three crops were attributed LUC emissions: 12.47 kg
CO2-eq/m
2 for soya bean in Brazil, 3.67 kg CO2-eq/m
2 for
wheat in Sweden and 5.31 kg CO2-eq/m
2 for oil palm in
Malaysia. The emission intensities were 2.8, 0.56 and
Table 5 Emission factors quantifying greenhouse gas emissions from life cycle activities related to pig and dairy cow milk production in Sweden
Emission factor
Gas and source (units) Pigs Dairy cows References
CH4
Enteric fermentation (kg CH4/animal per year) 1.5× animal lifespan GE× (Ym /100)/55.65 IPCC (2006) tier I (pigs) and tier II (cows)
Slurry, storage (kg CH4/animal per year) 0.67×MCF× Bo× Vs 0.67×MCF× Bo× Vs IPCC (2006) tier II
NH3 (kg NH3-N/animal per year) Karlsson and Rodhe (2002)
Manure, housing 14%×N excreted 4%×N excreted
Slurry, storage 1%×N in storage 3%×N in storage
Slurry, grazing cows – 13%×N in manure dropped
Slurry, ﬁeld (kg NH3-N/ha) EF1×N in manure on ﬁeld EF2×N in manure on ﬁeld
N2O, direct
Slurry, storage (kg N2O-N/animal per year) 0.5%×N in manure stored 0.5%× N in manure stored IPCC (2006) tier II
Slurry, ﬁeld (kg N2O-N/ha) 1%×N in manure on ﬁeld 1%×N in manure on ﬁeld IPCC (2006) tier I
N fertiliser, ﬁeld (kg N2O-N/ha) 1%×N in fertiliser 1%×N in fertiliser IPCC (2006) tier I
Crop residue, ﬁeld (kg N2O-N/ha) 1%×N in crop residue 1%×N in crop residue IPCC (2006) tier II
N2O, indirect (kg N2O-N/ha)
Nitrate leaching, ﬁeld 0.75%× nitrates leached 0.75%× nitrates leached IPCC (2006) tier I
Ammonia deposition, ﬁeld 1%×NH3-N total 1%×NH3-N total IPCC (2006) tier I
GE = gross energy intake (import scenario = 311 MJ/cow, local scenario = 289 MJ/cow).
Ym = methane conversion factor (6.5%); MCF = methane conversion factor (Pigs = 10%, Cows = 8.5%); Bo = methane production capacity (Pigs = 0.45, Cows =
0.24); Vs = volatile solids excreted (calculated following IPCC (2006) method).
EF1 = 10% (spring application), 7% (autumn application).
EF2 = forage crops 13.3%, grain crops 7%.
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0.29 kg CO2-eq/kg, respectively, for soya meal, wheat and
palm kernel meal after applying the allocation factors
(Table 1) and crop yields (Tables 3 and 4).
The method of Audsley et al. (2009) assumes that all
demand for agricultural land contributes to LUC and
should be allocated a share of worldwide LUC emissions. We
assumed a LUC emission factor of 1.43 t CO2-eq/ha, as cal-
culated in (Audsley et al., 2009), based on total LUC emission
of 8.5 Gt CO2-eq, of which 58% is attributable to commercial
agriculture (FAOSTAT, 2014), and 3475 Mha of land used
globally for commercial agriculture. We allocated the emis-
sions to the crops in our study based on their land area
requirements per unit of production (Tables 3 and 4).
Results and discussion
GHG emissions
Following recommendations of Flysjo et al. (2012), we
separate LUC GHG emissions and life cycle GHG emissions.
The former is presented in the section on LUC. We cate-
gorised life cycle GHG emissions into three main GHG
source categories: manure management, feed production
and enteric fermentation.
Total life cycle GHG emissions for pig production are 2.2
and 2.1 kg CO2-eq/kg CW for the import and local scenarios,
respectively (Figure 1). The lower N2O emissions from feed
production in the local scenario are closely linked to the
inclusion of peas in the crop rotation. Peas ﬁx N in their root
nodules and subsequent crops in a crop rotation beneﬁt from
this activity as relatively less N input from external fertiliser is
required (Nemecek et al., 2008). Less fertiliser use, in turn,
decreases N2O emissions. The lower CO2 emission from feed
production in the local scenario is explained by the diversity
of the crop rotation practised. First, peas and rapeseed pro-
vide suitable home-grown protein in the diet so that a sig-
niﬁcant (ca. 62%) part of the emissions from transporting
soya meal from Brazil to Sweden is avoided. In addition, the
high frequency of break crops (peas and rapeseed) in the
rotation beneﬁts the local scenario in terms of lower diesel
use on the farm (Table 3). Break crops do not carry over
diseases in the stubble and have lower residual stubble loads
than grains, which facilitates the adoption of conservation
farming strategies such as reduced mechanical weeding
(Kirkegaard et al., 2008). Furthermore, less fertiliser use in
the local scenario reduces CO2 emissions from fertiliser pro-
duction. However, much of these beneﬁts, in terms of reduced
N2O under the local scenario are offset by the increased CH4
emissions associated with manure management. This is
explained by relatively lower digestibility of several feed ingre-
dients included in the local scenario. Relatively larger proportion
of wheat bran, oats and rapeseed meal contributed to a
lower digestibility of the diet under local scenario resulting in
a higher manure output, which in turn resulted in higher CH4
emissions from manure management.
Total life cycle GHG emissions for milk production are 0.73
and 0.64 kg CO2-eq/kg CW for the import and local scenar-
ios, respectively (Figure 2). When comparing the feed sce-
narios, the largest difference in emissions occurs during feed
production. Under the local scenario, clover incorporated
into forage production reduces the need for N and makes
more manure available for the cereals produced; this, toge-
ther with the N fertiliser avoided on the neighbouring pea
farms, decreases N2O emissions and accounts for a sig-
niﬁcant (ca. 70%) part of the reduction in CO2 emissions
from feed production. In our study, forage and grains are
produced on the livestock farm, while other crops are
imported from neighbouring farms. Based on our earlier
observation from pig production, it may be argued that
integrating the peas and rapeseed on the dairy farm could
lead to further reductions in GHG emissions in milk produc-
tion. The trade off, however, is that increasing crop diversity
also limits economies of scale and may decrease farm net
revenues and increase labour cost (Di Falco and Perrings,
2005). The clover-grass silage used in the local scenario
decreases the roughage content of the diet, resulting in
about 3% increase in feed digestibility (Table 2), which in
turn reduces enteric CH4 emissions per unit of feed intake
(McAllister et al., 1996).
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Figure 1 Life cycle greenhouse gas emissions of the two feeding scenarios for pig production, expressed as kg CO2-eq per kg pig carcass, and subdivided
into three main source categories.
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Life cycle GHG emissions are available in literature for
some import and local feeding scenarios, although several
methodological aspects make comparison difﬁcult, such as
different feedstuff compositions and system boundaries.
Meul et al. (2012) estimated GHG emissions of import and
local pig feed scenarios as 0.45 and 0.44 kg CO2-eq/kg feed,
respectively. Our results, based on their system boundary,
are 0.35 and 0.29 kg CO2-eq/kg feed, respectively, for the
import and local scenarios. The 17% reduction in emission of
our local scenario, compared with only 2% for Meul et al.
(2012), is closely linked to the beneﬁts of diverse crop rota-
tions included in our local scenario. For milk production,
Lehuger et al. (2009) obtained 0.39 and 0.47 kg CO2-eq/kg
feed, respectively, for import and local feed scenarios; com-
pared with 0.36 and 0.30 kg CO2-eq/kg feed, respectively,
obtained in this study. The increase in diversity we observe
from multiple crops in our local scenario may explain the
contradiction in results. But it is difﬁcult to compare
our results with Lehuger et al. (2009) since they used the
mass allocation method. Lehuger et al. (2009) and Meul
et al. (2012) limit their system boundaries to capture only
emissions from feed production. However, reductions in
emissions in the ﬁeld may not necessarily correspond to
emissions in the stable (Gerber et al., 2013b). In our study,
focusing on only feed production for pigs would ignore
the higher manure emissions of the local scenario and
exaggerate the avoided GHG emissions of local feed pro-
duction (Figure 1).
Land use
Total yearly land use for pig production is 7.2 and 6.8 m2/kg
CW, respectively, for the import and local scenarios (Table 6).
The lower land use for the local scenario is due to the
increase in wheat yields achieved from the diverse crop
rotation (Kirkegaard et al., 2008). However, the difference in
land use between the two scenarios is not as large as one
would expect due to the substantial increase (ca. 24%
of total) in land use for domestic protein crops, especially
peas in the local scenario (Table 6). Generally, land use
is determined by the crop yield, allocation factors of
co-products, and in the case of soya bean, allocation of land
due to double cropping of maize and soya beans (Table 1).
Peas have higher mean crop yields than rapeseed in the
region studied, but the low land requirement for rapeseed
meal is related to the fact that when the impacts of rapeseed
cultivation is shared between the two co-products (meal
and oil), rapeseed meal beneﬁts because of its low economic
value (Table 1).
For milk production, total yearly land use is 1.2 and 1.3 m2/kg
ECM, respectively, for the import and local scenarios (Table 6). A
signiﬁcant part of the land area in both scenarios is used for
forage crop production. Despite the decrease in forage and
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Figure 2 Life cycle greenhouse gas emissions of the two feeding scenarios for dairy cow milk production, expressed as kg CO2-eq per kg energy corrected
milk (ECM), and subdivided into three main source categories.
Table 6 Land use on annual basis under two feeding scenarios for pig
production (top panel) and dairy cow milk production (bottom panel)
in Sweden
Livestock system Import Local
Pig production (m2/kg carcass)
Crop
Cereals 6.0 5.0
Peas 0 1.3
Rapeseed 0 0.3
Soya 1.1 0.1
Land use, Sweden 6.0 6.7
Total land use 7.2 6.8
Milk production (m2/kg ECM)
Crop
Cereals 0.45 0.35
Grass 0.53 0.47
Palm 0.01 0
Rapeseed 0.08 0.12
Soya 0.06 0
Sugar beet 0.03 0.03
Peas 0 0.37
Land use, Sweden 1.1 1.3
Total land use 1.2 1.3
ECM = energy corrected milk.
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grain areas, land use for the local scenario increases due to
additional land required for producing peas.
When Eriksson et al. (2005) compared import and local
feed scenarios for Swedish pigs, the local scenarios required
more land than the import scenario. The conﬂict between
their results and ours is because we consider the yield effect
of crop rotations.
GHG emission from LUC
In this study, localising protein feed production increased the
land required in Sweden for producing pig and dairy diets
(Table 6). Increased demand for land in Sweden would be at
the expense of other land use in Sweden (direct LUC) and
elsewhere (indirect LUC). Thus, it is important to account for
emissions from the LUC. Table 7 shows LUC emissions for the
feed scenarios, calculated with three alternative methods.
For pig production, the ranking of LUC emissions of the feed
scenarios is the same for the three methods (and similar
to the ranking for the life cycle GHG emissions). For milk
production, however, the method from Audsley et al. (2009)
assigns more emissions to the local scenario because of its
higher land use.
The accounting methods show that both import and local
scenarios contribute to LUC emissions globally. How accu-
rately the accounting methods capture the potential LUC
from both feeding scenarios can be a matter for further dis-
cussion. The method of Gerber et al. (2013a) focuses only on
the expansion of soya beans in Brazil; thus, LUC from protein
crop expansion in Sweden is ignored, and feed scenarios with
soya bean products are penalised. The method of BSI (2012)
captures the LUC emissions from all crops in a given country.
However, it is not possible with this method to analyse how
protein feed production in Sweden inﬂuences LUC outside
Sweden. The method of Audsley et al. (2009) captures total
LUC (direct and indirect) but it does not distinguish between
feeds with similar land requirements. An implication of using
the Audsley et al. (2009) method is that rapeseed on estab-
lished cropland in Sweden would be assigned the same LUC
emissions as soya bean on recently deforested land in Brazil,
given that they have the same yields.
In reality, LUC are far more complex than presented above,
and establishing a link between a speciﬁc land occupation
and an observed LUC can be difﬁcult. Demand for land is
inﬂuenced by feed demand but also subject to competition
from food and bioenergy demands and trade between
countries, all of which inﬂuence LUC (Hertel et al., 2010).
Recent efforts to account for such complex interactions have
been in the bioenergy sector, where mostly economic models
of bioenergy markets are used to simulate competition for
land in response to market demands. Similar models com-
prising relevant agricultural markets can improve accounting
of LUC from agriculture if challenges of data availability are
resolved (Cederberg et al., 2013).
Sensitivity analysis
The results of this study depend on our assumptions about
the farm systems. Due to differences in agronomic and climatic
factors across regions, our assumptions may be applicable only
in the studied regions of Sweden and Brazil. Several aspects of
our study were also analysed in a three-part sensitivity analysis
to check their inﬂuence on the results.
Allocation factors for co-products. We used economic allo-
cation as the main method in our study to reﬂect the eco-
nomic driving force behind agriculture and feed production.
In the sensitivity analysis, we applied mass-based allocation.
Allocation due to double cropping was also contrasted with a
scenario of no double cropping. Using mass allocation, there
was no difference in GHG emissions for the feeding scenarios
in pig production, resulting in about 2.3 kg CO2-eq/kg CW.
This is because mass allocation assigns more emissions to
rapeseed meal and wheat bran (Table 1), which are impor-
tant ingredients in the local ration. For similar reasons, the
local pig scenario required 4% more land than the import
scenario. However, the local scenario requires about 9% less
land when we exclude the allocation for double cropping. For
milk production, the local scenario decreased GHG emissions
by 12% compared with the import scenario after applying
mass allocation. Similar reduction was observed with the
economic allocation method. Land use was relatively
unchanged, that is, higher land use for the local scenario
than the import scenario.
N2O emissions. Direct N2O emissions are often estimated
using the IPCC (2006) emission factor of 1%, but actual
emissions for a given input may vary substantially with soil
type, climate conditions and source of N input. In the sensi-
tivity analysis, we applied differentiated emission factors
from Lesschen et al. (2011): 0.1%, 0.6%, 1.2%, and 2.5% for
crop residues of cereals, rapeseed, peas and soya bean,
respectively; 0.4% for manure; and 0.2% and 1% from N
fertiliser in Sweden and Brazil, respectively. The differ-
entiated emission factors reduced total GHG emissions by
16% in both pig scenarios, but the ranking of the scenarios
remained unchanged. Differences in N2O emission factors are
important, but of little relevance when comparing GHG
emissions from the two scenarios. This is because a large
share of feedstuff was cultivated on farms in Sweden with
similar systems and climatic conditions.
Table 7 Greenhouse gas emissions from land use change estimated by
three alternative methods for pig and dairy cow milk production
System and scenario Method 1 Method 2 Method 3
Pig production (kg CO2/kg carcass)
Import scenario 1.8 2.2 1.0
Local scenario 0.17 0.71 0.95
Milk production (kg CO2/kg ECM)
Import scenario 0.10 0.08 0.16
Local scenario 0 0 0.19
Method 1 = calculation based on Gerber et al. (2013a); Method 2 = calculation
based on BSI (2012); Method 3 = calculation based on Audsley et al. (2009).
ECM = energy corrected milk.
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Enteric CH4 emissions. The composition of dairy cow diets
inﬂuenced enteric CH4 emissions of the animals. However,
the emissions estimated depend on the model used. As a
base case, we used the IPCC (2006) model to estimate
enteric CH4 emissions as 132 and 123 kg CH4/cow, respec-
tively, for the import and local scenarios. Liljeholm et al.
(2009) assessed seven other models for estimating enteric
CH4 emissions, which we used in a sensitivity analysis. When
applied to our study, outputs from the seven models ranged
from 108 to 153 kg CH4/cow for the import scenario and
106 to 140 kgCH4/cow for the local scenario. The ranking of
dairy scenarios in our study according to their total GHG emis-
sions remain unchanged for all model estimates. Thus, our
choice of CH4 emission model does not change the results.
Conclusions
We assessed impacts of local protein feed production on
GHG emissions and land use for pig and dairy cow produc-
tion in Sweden, compared with importing protein feed from
outside Sweden. We ﬁnd that local protein feed production
presents an opportunity to reduce GHG emissions by about
4.5% and 12%, respectively, for pigs and dairy cows fed with
locally produced feedstuff. Decreased emissions come at a
cost of increased land occupation in Sweden for feed pro-
duction. Additional land in Sweden for feed production was
11% for pigs and 25% for dairy cows.
Local production of protein feed decreases inputs needed
for production and improves some ecological processes of
the farming system, which largely explain the decreases in
emissions. For pig production, local production of protein
feeds improves the diversity of a cereal-based crop rotations,
leading to decreased use of mineral fertiliser and fossil fuels,
and higher yields of grain crops. However, there is no cor-
responding decrease in GHG emissions from rearing the pigs
due to lower digestibility of the feed ration when using the
locally produced protein feedstuff. This latter conclusion
highlights the importance of focusing on both feed production
and animal production when assessing feed substitutions. For
milk production, legumes reduce mineral fertiliser input, and the
grass–legume mixture increases the digestibility of the animal
feed, which explain the decreases in emissions.
The performance of local protein feed production depends
on characteristics of the farm systems compared, as well as
on the choice of methods, such as impact allocation method
and LUC accounting method. In the case of pig production,
the beneﬁt of local production is relatively small and sensi-
tive to the impact allocation method applied. Local feed
production induces LUC in Sweden and elsewhere. However,
we ﬁnd that the LUC accounting methods available may not
adequately account for the potential LUC and the emissions
associated with local protein feed production.
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